Nanoparticles (< 100 nm) are becoming more prevalent in residential and industrial uses and may enter the environment through wastewater. Although lab studies have shown that nanoparticles can be toxic to various organisms, limited research has been done on the effects of nanoparticles in the environment. Environmental conditions such as pH and ionic strength are known to alter the biotoxicity of nanoparticles, but these effects are not well understood. The objectives of this research were to determine the impacts of silver nanoparticles (AgNP) on zebrafish in the pseudo-natural environment of a lab-scale constructed wetland, and to investigate wastewater remediation through soil and water treatment residual (WTR) adsorption of AgNPs. Concurrently, the effect of particle size on AgNP sorption was examined. Researchers exposed adult zebrafish in a lab-scale constructed wetland to concentrations of AgNP ranging from 0 -50 mg AgNP/L and compared them to negative controls with no silver exposure and to positive controls with exposure to silver nitrate. The results suggest that aggregated AgNP do not impact zebrafish. Separately, sorption experiments were carried out examining three media -a wetland soil, a silt loam soil, and a WTR -in their capacity to remove AgNPs from water. The silt loam retained less AgNPs from solution than did the wetland soil or the WTR. In the WTR AgNPs were associated with sand size particles (2 mm -0.05 mm), but in the wetland soil and silt loam, approximately half of the AgNPs were associated with the sand-sized particles, while the rest were associated with silt sized (~0.05 mm) or smaller particles. The larger sorption capacity of the wetland soil and WTR was attributed to their higher carbon content. The sorption data indicate that AgNPs adsorbed to soil and WTRs and support the idea that natural and constructed wetlands can remove AgNPs from wastewater.
Introduction
Sufficient, clean, safe drinking water is increasingly scarce in many parts of the world [1] [2] [3] [4] . Pollutants such as excess nutrients, particulates, and pathogens are known to cause environmental as well as human health problems [5] [6] [7] [8] [9] [10] [11] [12] . Conventional and natural methods can effectively remediate wastewater of these types of pollutants [13] [14] [15] . Other pollutants such as pharmaceuticals (hormones, anti-depressants) and nanomaterials (materials less than 100 nm in at least one dimension [16] ) in wastewater are becoming more common [17] [18] [19] [20] [21] . For example, nanoparticles are becoming more prevalent in residential use (e.g. sunscreen, textiles), medical applications (e.g. wound treatment), industry (e.g. sensors and solar cells), and environmental remediation [22] [23] [24] [25] . As a result, nanoparticles are able to enter the environment via wastewater or improper disposal [16, 19, 25] . Unfortunately, little is known about the removal of these new types of pollutants using conventional or natural wastewater treatment methods.
Numerous studies have shown that many nanomaterials, including silver nanoparticles (AgNPs), have toxic effects on organisms (zebrafish, medaka, rainbow trout, crucian carp, flathead minnow [26] ; rainbow trout [27] ; bacteria [28] ; zebrafish embryos [29] ; plants [30] ; zebrafish, microalga, water flea [31] ; bacteria [32] ). Both engineered and natural nanoparticles play important roles in the health of terrestrial and aquatic ecosystems [33] [34] [35] . Toxicity of metal nanoparticles is well known in laboratory settings as indicated in the previously cited studies, but the fate of nanoparticles in the environment and the potential for bioaccumulation is unclear and complicated [16, 22, 36] .
Natural wetlands are known to have important roles in wastewater remediation [37] and constructed wetlands have been increasingly been used to remove pollutants [13, 15] . The use of natural media (e.g. soil) as well as engineered or recycled media (e.g. water treatment residuals, WTRs) could improve the effectiveness of the natural wastewater treatment and these media could have the potential to remove nanoparticles as well. The objectives of this research were to determine the effectiveness of several media (two soils and a water treatment residual) on AgNP removal from solution and to investigate AgNP effects on zebrafish in a (simulated) natural setting (lab-scale constructed wetland).
Materials and Methods

General
In general, two main experiments were conducted. The first experiment used three media to investigate the sorption of AgNPs out of wastewater: wetland soil, silt loam soil, and WTRs (waste product of drinking water treatment process). The second experiment investigated the effect of AgNPs on zebrafish (Danio rerio) living in the "natural" environment of a lab-scale constructed wetland.
Sorption Experiments
The sorption study was modeled after sorption experiments used to investigate phosphorus sorption to soil or water treatment residuals [38] [39] [40] . Three media were shaken with various concentrations of AgNPs in solution and the amount of AgNPs remaining in the solution after an equilibration time was measured. All three media were sent to the Soil and Plant Analysis Lab in Madison, WI for elemental analysis (total minerals by Inductively Coupled Plasma Optical Emission Spectrometry, total N by Total/Kjeldahl, and total C by LECO CNS-2000 analyzer) and particle size analysis (hydrometer method). A wetland soil was used because this sorption experiment was designed to be compared with the constructed wetland study explained in the following section. The wetland soil was used in both the sorption study and in the constructed wetland and was obtained from Certified Products, New Berlin, WI (Black Topsoil: http://www.certifiedproductswi.com/). The second medium, a silt loam soil (Plano silt loam, fine-silty, mixed, superactive, mesic, typic arguidoll) was chosen because it represents a typical soil in Wisconsin. The third medium, WTR, was chosen because it has previously been shown to have the ability to remove phosphorus from wastewater and could be used in constructed wetlands for the removal of that nutrient [41] . If this material could also be used to remove AgNPs, it would provide an even greater incentive to beneficially reuse the material as an amendment to help clean wastewater.
Little research has been done on the effects of WTRs on organisms in the environment [38] , so to establish that these WTRs would not induce mortality, preliminary laboratory experiments using Escherichia coli and native soil bacteria were conducted and gave no evidence that moderate levels of WTRs (0.05 g WTR/ml) negatively impact bacterial growth (data not shown). The nanoparticles used in the sorption experiment were 10 nm monodispersed silver nanoparticles in 2 mM sodium citrate buffer obtained from Nano Composix (10 nm citrate NanoXact Silver, JMW1148).
To conduct the sorption experiment, 0.5 g (dry weight) of each medium was weighed into 15 ml conical tubes. Then 10 ml of AgNP solution was added to each tube. Five concentrations of silver nanoparticles were used: 0, 6, 15, 30, and 60 mg AgNP/L. The conical tubes were capped and shaken for 18 hours at 60 rpm on a Fotodyne Orbit shaker (Lab-Line Instruments, Inc. Model Number 3520) at 23℃ (room temperature). Each trial was replicated three times. After the 18 hour equilibration time, the supernatant in each tube was sampled three times -2 ml was removed after 30 s of particle settling, after 2 hours of particles settling, and after centrifuging at 2500 rpm for 10 min (IEC Centra-7R Refrigerated Centrifuge, S.N. 23601916). The supernatant was sampled at these times, because one objective in this research was to investigate AgNPs affinity for adsorbing to different size particles. According to Stoke's Law
where v s is the particle settling velocity, ρ p is the density of the particles, ρ f the density of the fluid, g the acceleration due to gravity, d p the diameter of the particle, and u the fluid viscosity, this equation predicts that sand size particles will settle after about 40 s (thus any AgNP measured in the supernatant would be either soluble, or adsorbed to silt or clay sized particles), silt size particles will settle after approximately 2 hours (thus any AgNP measured in the supernatant after 2 hours would be soluble or adsorbed to clay size particles), and after centrifuging all particles would be removed from the supernatant (and any AgNPs measured would be in solution) [42, 43] . Using this method to determine particle size is based on an empirical method and cannot be used to accurately define the particle size [43] , but for this research these sampling times give a rough estimation of the size of the particles with which AgNPs were associated. A modified digestion method was used to quantify the amount of silver in the supernatants [44,45: EPA SW 846Method 3050B]. To each 2 ml supernatant sample, 1 ml of 6 M nitric acid was added using a repeat pipetter (Eppendorf, Repeater Plus, 2849689). The samples were placed into a water bath at 90℃ for one hour to digest before measurement of elemental silver on a Perkin Elmer AAnalyst 200 Atomic Absorption Spectrometer (S/N 20054062503). Silver nitrate (AgNO 3 , Fischer Chemicals, Lot number 041796) was used to make standards. Samples and AgNO 3 standards were analyzed using a silver detection lamp (PerkinElmer Lumina Hollow Cathode Lamp, P/N N305-0120, S/N 030211-020140).
Lab-Scale Constructed Wetland Experiment
In this experiment, AgNP effects on zebrafish were investigated in a lab-scale constructed wetland monitored in a climate controlled greenhouse. Because most previous studies of AgNP impacts on organisms have taken place in petri dishes or other aseptic environments, this experiment was designed to investigate AgNP impacts in a more natural setting. Each AgNP treatment was applied in a separate constructed wetland that consisted of a five gallon bucket in which wetland media was placed in a polyvinyl chloride (PVC) column (to keep the media separate from the zebrafish).
The five gallon bucket contained wetland media in a 11.4 cm (4.5 in) (diameter) by 38.1 cm (15 in) (height) capped PVC column (Figure 1) . To make the wetland media, each PVC column was filled with 20 cm of 1.3 cm (0.5 inch) washed gravel and 8 cm of wetland soil (~800 g). The gravel and wetland soil were obtained from Certified Products, New Berlin, WI. Each bucket also contained a circulating pump (Mini-Jet 404, Marineland) and a small amount of aquarium gravel to support the column from tipping over. A 1.3 cm (0.5 inch) diameter tube was directed from the pump to a split which distributed the water pressure; the split was controlled with a pinch clamp with one half dispersing oxygenated water back to the fish and the other half entering the top of the column. The column had multiple 1.3 cm (0.5 inch) holes covered with mesh to allow water to be circulated from the bucket through the soil media (Figure 1(b) ). This allowed AgNPs to have contact with the soil media (which is more similar to a natural environment than having zebrafish and nanoparticles in isolation).
Each bucket contained 12 L of deionized (DI) water with 3.8 g of ocean salt and 0.5 g of pH 7 buffer. There were six treatments: negative control (ocean salt and no AgNP), negative control with dispersing agent (ocean salt with 2 mg/L Tide and no AgNP), and 15 mg AgNP/L (< 90 nm powder, mKnano), 25 mg AgNP/L, 50 mg AgNP/L, and a positive control (15 mg AgNO 3 /L). Each AgNP treatment also had ocean salt and 2mg/L Tide. The liquid laundry detergent Tide (Tide® Active with Febreze) was used as the dispersing agent for the AgNP powder, both because it was shown to be an effective dispersing agent in preliminary trials and because it mimicked one of the ways nanoparticles might enter wastewater (i.e. through residential laundry). Tide is a commercial laundry detergent commonly used in American households. After the constructed wetland was prepared (PVC column of wetland media, circulating pump, and treatment addition), five zebrafish, three female and two male, were placed into each bucket. The zebrafish were sexually mature fish of at least 2 months of age and supplied from Aquatics Unlimited (Greenfield, WI). The constructed wetlands were placed in a temperature regulated greenhouse room kept at 27 ± 5℃. The temperature, pH, silver content of the water, and the health of the fish were monitored daily. The fish were kept in the constructed wetland exposed to AgNP for one week. The zebrafish were fed daily with Zeigler adult zebrafish diet (Zeigler product #AH271). Institutional approval from the on-campus Animal Care and Use Committee was received before carrying out this research.
At the end of the week remaining live zebrafish were euthanized and a soil sample taken from the wetland media column at 3 depths (surface, center, bottom). The water and soil samples were digested with 6 M nitric acid and analyzed with atomic absorption spectroscopy using the method described above in the AgNP sorption experiment section. For the water samples, 2 ml of sample were digested with 1 ml of 6 M nitric acid. The soil samples were air dried after which 0.5 g of soil was digested with 2 ml of 6 M nitric acid and 10 ml of 2 mM citrate solution before elemental silver analysis on the AA. This experiment was replicated three times in consecutive weeks.
the sorption experiment and lab-scale constructed wetland experiment is reported in Table 1 . The texture of the wetland soil, silt loam soil, and WTR was sandy loam, silt loam, and loamy sand, respectively. The wetland soil and WTR had very similar sand content (71% and 75%, respectively), the same silt content (23%), and correspondingly different clay content (6% and 2%, respectively). The wetland soil had the highest carbon content (332,600 mg/kg) as would be expected. The WTR had lower carbon content (76,800 mg/kg), and the silt loam had the lowest (19,850 mg/kg). These media had varying nutrient contents, e.g. the wetland soil had the highest nitrogen and phosphorus content (24,320 mg N/kg and 967 mg P/kg) but the lowest magnesium and aluminum content (2782 mg Mg/kg and 4035 mg Al/kg). The WTR had aluminum content an order of magnitude higher than the silt loam (110,532 vs. 15,480 mg Al/kg, respectively) and two orders of magnitude higher than the wetland soil (4035 mg Al/kg). This was not surprising because aluminum salts are used as coagulants in water treatment.
Sorption Experiments
The purpose of the sorption experiments was to determine if the media had the ability to remove AgNPs from water as well as to investigate which soil particle size (sand, silt, or clay) AgNPs adsorb too preferentially. The horizontal axes in Figure 2 are the initial AgNP concentrations in the solution shaken with each medium (mg AgNP/L solution). The vertical axes are the mass of AgNP adsorbed per mass of medium (mg AgNP/kg medium). Straight lines indicate that the medium still has the ability adsorb more AgNP; a curve bending to the right (becoming horizontal) indicates that the medium had a diminished capacity to adsorb more AgNP, thus leaving more in solution. This occurs because the sorption sites gradually become filled. None of the media in this experiment show much curve (Figures 2(a), (b), (c) ), indicating that they all have the potential to adsorb more AgNPs from solutions with concentrations of AgNPs higher than the highest used in this study (60 mg AgNP/L). However, both the wetland soil and the WTR adsorbed a much greater total mass of AgNPs per mass of media than did the silt loam soil (1250 and 1000 mg AgNP/kg vs. 220 mg AgNP/kg, respectively). The average percentage of AgNP adsorbed to all size particles at the highest initial solution concentration (60 mg AgNP/L) in the wetland soil, WTR, and silt loam soil (determined by subtracting the concentration of AgNP in solution after shaking from the initial concentration of AgNP in the shaking solution and dividing by the initial concentration) was 100%, 81%, and 18%, respectively ( Table  2 ). This data also shows that the silt loam soil adsorbed approximately half of the total AgNP from the lowest initial concentration (49%) and progressively adsorbed a smaller percentage as the initial AgNP concentration increased. The WTR showed a similar phenomenon adsorbing 93% of the total AgNP available at lowest initial concentration decreasing to adsorbing 81% of the total AgNP in solution at the highest initial concentration. These results suggest that the wetland soil and the WTR are able to remove substantial amounts of AgNP from water. Looking more closely at the impact of the size of the media particles in removing nanoparticles, the data show that all of AgNPs were associated with sand size particles in the WTR (Figure 2(c) ). The data points for each sampling time (30 s, 2 hrs, and after centrifuging) of the WTR are very similar, indicating that little more AgNPs were removed with the smaller sized particles. However, data from the silt loam and wetland soils show that approximately half of the AgNPs were removed from the 60 mg AgNP solution after 30 s of settling (100 out of 220 mg AgNP/kg and 680 out of 1250 mg AgNP/kg, respectively) (Figures 2(a) and (b) ). A similar effect was seen at the lower initial AgNP solution concentrations. This indicates that about half of the AgNP in solution were adsorbed to sand sized particles and about half of the AgNP were adsorbed to silt and clay size particles.
The wetland soil and WTR differ from the silt loam soil in that they both have very similar sand content (> 70% sand) and both have a higher total carbon value compared to the silt loam soil ( Table 1) . The sand content cannot be responsible for the higher amount of AgNP sorption in the wetland soil and WTR since only half of the total AgNPs in solution were removed with sand particles in the wetland soil (Figure 2(b) ). However, the trend correlates well with the increase in carbon con- tent. The wetland soil has the highest carbon content and showed no reduction in ability to remove AgNP. The WTR showed a slight reduction and had lower carbon content, while the silt loam soil had the lowest amount of carbon and was the least capable of removing AgNPs (Tables 1 and 2, Figure 2(a) ). Recently, researchers found that dispersion and toxicity of AgNP were dependent on the amount of humic acid present [46] . At high humic acid concentrations (> 20 mg total organic carbon/L), significant aggregation of AgNPs was ob- served. When studying the relative risk ratios for different metallic nanomaterials other researchers found AgNPs pose a greater environmental risk than either TiO 2 or ZnO nanoparticles, which highlights the importance of studying their fate in the environment [47] . However, they also note that their data overestimates the risk to the terrestrial environment, because in ecotoxicity studies there is an assumption that metallic silver is present, when in fact, other studies have shown that often AgNPs are converted to Ag 2 S during wastewater treatment [48] [49] [50] and as such are much less soluble and therefore less toxic. Aggregation size was not measured in the data reported in this research, nor was the form of Ag after equilibration. In Figure 2 , all of the removal of AgNPs from the solution is represented as adsorption to the media. Aggregation of AgNPs and settling from solution is not distinguished from adsorption, so adsorption amounts may be inflated. Future research that images the particles and characterizes the adsorption to the media would help determine this.
Lab-Scale Constructed Wetland Experiment
The purpose of the lab-scale constructed wetlands was to examine the toxicity of AgNPs to zebrafish living in a pseudo-natural environment rather than an aseptic, unnatural environment of a petri dish. As the results of the sorption experiment indicate, other environmental factors may impact the fate of AgNPs that enter an ecosystem, potentially rendering them less toxic or simply removed from the environment. The results of this experiment are inconclusive but do shed light on the impact that environmental factors have on the fate of AgNPs. Fish mortality (Figure 3) only occurred in the positive control treatment (15 mg/L Ag-NO 3 ) (where in two out of the three weeks, two of the five fish did not survive to the end of the seven day experiment) and in the negative control (where one fish during one of the three weeks did not survive to the end of the experiment). There was no mortality in any of the AgNP treatments. At first, this data made sense in light of the sorption experiments explained above. The wetland soil had been shown to be able to remove AgNPs from water, so when analyzing the soil of the constructed wetland after the seven-day exposure, it was expected that it would contain AgNPs. However, after digesting the soil at three depth levels, there were no AgNPs measured at any depth (data not shown). Additionally, the daily water samples taken from the middle of the bucket also did not contain AgNPs (data not shown). If the AgNPs were not in the circulating water or in the soil, the conclusion was drawn that the dispersant (Tide detergent) may not have been strong enough to keep the AgNPs dispersed, and the AgNPs may have aggregated and sunk to the bottom of the bucket and stayed in the layer of pebbles. Preliminary trials indicated that the 2 ml Tide/L could keep AgNP in solution, although not as well as at higher concentrations. However, this level was also considered the detergent level where fish may absorb twice the amount of chemicals than they would normally absorb [51] . Tide was chosen as the dispersing agent in this study because it not only acted as a dispersant, but also is a likely way for AgNP to enter the environment through residential laundry.
Other research has shown that AgNPs aggregate in saline solutions [52] , which support this conclusion. There was no feasible way found to measure the AgNPs in that layer of pebbles and confirm the conclusion. Recent research is beginning to focus on the fate of nanoparticles in a more natural setting, such as the study reported here. Reference [53] found that plants in a system could help decrease the toxicity of AgNPs because plants release dissolved organic matter which can bind with Ag ions. In a freshwater system, researchers found that sediments accumulated most of the ceria nanoparticles used in their aquatic system [54] . Additionally other researchers suggest that the chemistry of the nanoparticle capping agent plays an important role in the fate and transport of AgNPs and environmental factors such as pH, ionic strength, and electrolyte composition can help predict the fate and transport of AgNPs [55] . Their data showed that positively charged branched polyethyleneimine stabilized AgNPs would most likely have limited mobility in soils, groundwater, and other environments, but sterically stabilized polyvinylpyrrolidone AgNPs may have the greatest potential for mobility and transport. Another recent study indicated that in a sandy loam soil AgNP concentrations eight times greater than AgNO 3 concentrations were needed to induce significant reproductive toxicity in earthworms [56] . A study such as the one reported here, although it investigates only a small fraction of the questions still remaining regarding the fate of nanoparticles in the environment provides valuable new information to help guide future studies. Some researchers [47] do not lament the idea that each nanomaterial may react differently depending on the material and the environmental properties and conditions, but instead they reinforce the importance of continuing to study these materials under many different conditions.
Although the lab-scale constructed wetland experiment did not lead to conclusive results regarding the fate of nanoparticles in this environment, it did indicate that the toxicity levels shown in laboratory conditions are not the same as in a more natural environment. Thus the need for similar experiments simulating natural environments is underscored. Simple, inexpensive experimental designs such as this can be implemented to investigate parameters that impact AgNP fate and biotoxicity. Simulated natural environments may prove useful in determining the mechanism of AgNP toxicity to fish. Is direct exposure to suspended AgNPs more or less toxic than dietary exposure to algae or zooplankton that has previously internalized nanoparticles? This question is especially relevant in light of the recent observation that a wide variety of living organisms do take AgNPs out of the water column [57] . Additionally, desorption experiments investigating how tightly bound AgNPs are to environmental media will help elucidate the effectiveness and lifetime of various media in a constructed wetland setting. Preliminary trials have indicated that AgNPs are bound most tightly to the wetland soil, followed by the silt loam soil, and least tightly to the WTR (data not shown), but further research is necessary to investigate this further. As is suggested by multiple groups of researchers [16,58, and others], a multidisciplinary approach is crucial to understanding nanoparticle risks in the environment and will involve collaborations between chemists, biologists, toxicologists, ecologists, engineers, and environmental scientists.
Conclusions
The results of the constructed wetland study indicate that silver nanoparticles appear to aggregate in a salt solution rendering them less toxic to zebrafish than would be expected from previous studies using silver nanoparticles and zebrafish in a pure media. This research did not measure the size of the nanoparticles after they were added to the lab-scale constructed wetland so the aggregation of the nanoparticles cannot be known for sure, but the lack of mortality in the zebrafish and the absence of silver nanoparticles in the water media and wetland soil after nanoparticle addition indicates that the particles most likely sank to the bottom of the buckets. More importantly, the sorption studies provide evidence that soil and water treatment residuals have the ability to remove silver nanoparticles from wastewater. This means that natural and constructed wetlands could be sinks for silver nanoparticles, removing them from wastewater. Using water treatment residuals in a constructed wetland would be a beneficial reuse of a waste product that would otherwise need to be disposed of. It is important to remember that after the silver nanoparticles are removed from the water by sorption to soil or other media, they still remain in the environment adsorbed to the media. Further studies are needed to investigate how tightly and for how long the silver nanoparticles are retained by soil and water treatment residuals. These desorption studies would shed light on the long-term sustainability of a wetland designed to remove nanoparticles and the kind of engineering that would be needed to best manage constructed wetlands.
